Introduction
[2] As the human population continues to grow and large parts of the world industrialize rapidly, concerns about human effects on global atmospheric chemistry are increasing. The atmosphere transports pollutants produced in one location to regions located far downwind, but many aspects of atmospheric transport are not well understood. For example, it is now clear that the main population areas in the northern hemisphere (North America, Europe, and South and East Asia) produce continental-scale pollution plumes that can be detected thousands of kilometers away [Jaffe et al., 1999; Heald et al., 2003] . In the midlatitude westerlies, air crosses ocean basins and continents on time scales of a few days to a week. The time scales of meridional transport are less clear, however, in particular the rate of, and mechanisms responsible for, the exchange of air between the tropics and extratropics.
[3] Some studies have treated the atmosphere as being divided into two roughly equal halves separated by the intertropical convergence zone (ITCZ) [e.g., Bowman and Cohen, 1997] . Trajectory studies using global assimilated winds show, however, that in terms of the transport of trace species, the atmosphere is divided into three principal zones: the tropics, and the two extratropics zones in the northern and southern hemispheres [Jacob et al., 1997; Bowman and Carrie, 2002; Bowman and Erukhimova, 2004] . Particles (air parcels) released in the extratropics disperse relatively rapidly within the extratropics due to the stirring effects of large-scale transient eddies. In the tropics the overturning Hadley cells circulate air relatively quickly within the tropics and subtropics. The stirring mechanisms are different in the tropics and extratropics, but the time scales for transport are similar.
[4] Transport within each of these three major atmospheric zones is relatively quick (days to a few weeks), while the exchange of air between the zones is relatively slow (weeks to months). The slow exchange between the three main zones gives the appearance of semi-permeable ''barriers'' to transport in the subtropics. As a result of the slow exchange between the main zones, the time required to mix air from the extratropics of the one hemisphere to the extratropics of the other hemisphere, passing through the tropics, is on the order of 1.8 years [Heimann and Keeling, 1986; Prather et al., 1987; Cunnold et al., 1994; Bowman and Cohen, 1997; Bowman and Erukhimova, 2004] .
[5] The purpose of this paper is to confirm the existence of these semi-permeable transport barriers between the tropics and extratropics by using satellite observations of tropospheric CO in conjunction with three-dimensional particle trajectories. CO has a number of advantages as a tracer of atmospheric motion on time scales of days to a few months. First, tropical sources are often regional, rather than global, so it is relatively easy to distinguish CO plumes from cleaner ''background'' air. Second, sinks of CO (primarily OH) are fairly evenly distributed. This is quite different from water vapor, for example, which has highly localized sinks in regions of precipitation. Third, the lifetime of CO in the tropical troposphere is on the order of 1 month. This is short enough to provide good contrast between source regions and clean regions, yet long enough to be able to follow CO on global scales. Finally, an extensive record of global observations of tropospheric CO are available from the MOPITT (Measurements of Pollution in the Troposphere) instrument on the NASA Terra satellite.
[6] The primary direct sources of CO are biomass burning and fossil fuel combustion. As a result, CO sources are located mostly on northern hemisphere (NH) extratropical landmasses. There are also notable biomass burning sources in the tropics on both sides of the equator. Indirect, nonlocalized, sources of CO include oxidation of various hydrocarbon species. As a result of the source distribution, surface-level CO concentrations in the NH are about three times those in the southern hemisphere (SH) [Novelli et al., 1998; Arellano et al., 2004a Arellano et al., , 2004b Pétron et al., 2004] . Because CO sources are small in the SH extratropics, there is a large contrast between CO levels in the SH tropics and extratropics during tropical biomass burning periods. This contrast is used here to visualize the transport of air containing CO from tropical sources. MOPITT observations of SH CO are compared with trajectory calculations from CO source regions. The primary focus is the transport, or lack of transport, from tropical source regions to the SH extratropics.
Data

MOPITT Carbon Monoxide
[7] The MOPITT instrument on the NASA Terra satellite remotely measures tropospheric carbon monoxide (CO). Terra, which was launched in December 1999, operates in a sun-synchronous near-polar orbit with equator-crossing times of about 10:30 local time. MOPITT began making measurements in March 2000. It is a gas-filter radiometer that uses both pressure-and length-modulated gas correlation cells to measure upwelling infrared radiation from the Earth's surface and atmosphere. MOPITT views the Earth with a nadir field-of-view of 22 Â 22 km. The cross-track swath width is sufficient to provide nearly global coverage every 3 -4 days.
[8] CO mixing ratio profiles and total column amounts are inferred from the measured radiances using gas-correlation radiometry [Drummond and Mand, 1996; Pan et al., 1998; Edwards et al., 1999; Deeter et al., 2003] . In May 2001 one of the two instrument coolers failed, reducing the number of available radiance channels from 8 to 4. As a result, different retrieval schemes are used for the periods before and after the cooler failure (termed Phase 1 and Phase 2, respectively). The retrieval algorithm produces total column CO and CO mixing ratios at seven nominal retrieval levels centered at 1000, 850, 700, 500, 350, 250, and 150 hPa. A globally constant a priori CO profile is used to constrain the retrievals. The retrieved layer values are not independent. The retrievals typically have one to two independent pieces of information in the tropics and midlatitudes, and less than one in high latitudes [Deeter et al., 2004] . Thus, profiles can be expected to capture only the largest-scale components of the vertical structure of the CO distribution. MOPITT retrievals have been compared with in situ measurements by Emmons et al. [2004] . They found ''good quantitative agreement between MOPITT and in situ profiles, with an average bias of less than 20 ppbv at all levels''. CO retrievals used here are from version 3 of the MOPITT retrieval algorithm. [Kalnay et al., 1996] . The differences between the two analyses are generally small and both quantitative and qualitative effect on the transport calculations shown here are not large.
Methods
MOPITT Averaging
[10] For this study we use daily MOPITT CO retrievals area averaged onto a global 1°Â 1°grid. Due to swath limitations and cloud contamination, individual daily grids typically contain good data for about 16% of the globe. The results shown here are further averaged in space (zonally) or time (monthly). There are seven vertical levels, listed above, as well as a total column product that is consistent with the vertical profiles. At this time, approximately 5 years of MOPITT data are available. Due to the nature of the retrieval method and diurnal variations in temperature, there are biases between the daytime and nighttime CO retrievals. For consistency the daytime values are used here. Because we are primarily interested in geographic variations in CO amounts, the results are not sensitive to the choice of daytime or nighttime retrievals.
Trajectories
[11] The motion of air masses is investigated by computing the trajectories of large numbers of hypothetical massless air parcels (referred to here as particles) using the ERA-40 assimilated winds. The air parcel trajectories are the solution to the equation
where x 0 (t) is the particle position at time t and v(x 0 , t) is the velocity as a function of position and time. Primes are used to denote particle trajectories. Equation (1) is solved numerically by using a standard fourth-order Runge-Kutta scheme with 32 time steps per day. The velocity is the largescale (resolved) three-dimensional velocity from ERA-40. Velocities at arbitrary x 0 and t are computed by linear interpolation in space and time. Details can be found in Bowman and Carrie [2002] and Bowman and Erukhimova [2004] . Trajectory experiments with a global climate model (GCM) indicate that neglect of the convective mass flux does not have a major impact on the zonally averaged global transport properties, at least as convection is currently parameterized in GCMs (T. Erukhimova and K. P. Bowman, Role of convection in global-scale transport in the troposphere, submitted to Journal of Geophysical Research, 2006) .
[12] In order that individual particles approximately represent equal masses of air, trajectories are randomly initialized in longitude l; sine of latitude (sin f); and pressure p. A total of N = 4 Á 10 5 particles are integrated continuously from 1979-01-01 to 2001-12-31.
[13] The trajectories are used to estimate the climatological Green's functions of the mass conservation equation for a conserved passive tracer
equation, as described in Bowman and Carrie [2002] . In (2) x is position, t is time, s is the mass mixing ratio of the tracer, and s 0 (x) is the initial condition at t = t 0 . If v is known, then (2) is a linear differential equation for s.
[14] The Green's function method is used to find the solution to (2) for an arbitrary initial condition s 0 (x). For this application, the Greens' function G is the solution of (2) for all possible d-function initial conditions (all x 0 ), that is,
If G is known, the solution to (2) for arbitrary s 0 (x) can be found from
[15] Here, to quantify the climatological transport properties of the atmosphere, we compute the climatological or ensemble-mean Green's function hGi by averaging over many different flow fields. The ensemble-mean solution hsi is found by taking the ensemble mean of (4), which yields
hGi contains a quantitative description of the climatological transport of air from a given initial location x 0 to all other locations and is, therefore, one way to represent the climatological transport circulation of the atmosphere.
[16] Ensemble averaging is done by averaging over different initial times within a month. The resulting monthly averaged Green's functions are averaged over multiple years to produce climatological values. The time averages for this study cover the 22-year period 1979 -2001. Here we estimate discrete (gridded) Green's functions G(x 0 , x, dt) on a three-dimensional global grid, where x 0 is the initial location, x is the final location, and d t is the time elapsed since the ensemble of particles left the initial location. Because the Green's functions in this case are 7-dimensional (three initial space dimensions, three final space dimensions, and elapsed time), storage requirements limit the longitude Â latitude Â pressure dimensions of the global grids to 36 Â 32 Â 10. This corresponds to a resolution of 10°in the longitude direction and 100 hPa in the vertical. To produce boxes containing roughly equal mass, in the meridional direction boxes are equally spaced in the sine of latitude. The meridional size of grid boxes ranges from about 2°near the equator to about 15°near the poles. The 6-dimensional Green's function for a single dt has $132 Â 10 6 grid boxes. Here Green's functions are displayed for selected dt's between 5 and 20 days.
Results
CO Distribution From MOPITT
[17] Figure 1 is a time-latitude section of daily, zonalmean, total column CO for the nearly 5-year period from March 2000 through the end of 2004. This figure extends the data in Figure 2 of Edwards et al. [2004] through the end of 2004. Some interannual variations are apparent, but the annual cycle is similar from year to year. In the NH, CO levels are higher during the cold season due primarily to lower OH levels, which leads to a longer lifetime for CO. There is no obvious evidence for substantial meridional transport of CO from one hemisphere to the other through the tropics. In fact, there is a minimum in CO that roughly tracks the seasonally varying position of the maximum rising motion in the Hadley circulation. This is consistent with the fact that the lifetime of CO is much less than the interhemispheric transport time scale.
[18] In the SH the most notable feature is the seasonal peak in CO that occurs in the tropics from roughly September to November [Bremer et al., 2004; Edwards et al., 2004] . On the southern (poleward) edge of these perennial SH tropical maxima, there are some indications that CO moves into the midlatitudes of the SH. As will be shown below, this CO is primarily at low levels and could be due in part to CO sources in the SH midlatitudes.
[19] Figure 2 shows global maps of monthly mean total column CO for October 2002 (top) and March 2003 (bottom). These two months occur during the respective spring seasons in the southern and northern hemispheres. October 2002 is shown here because that year had a larger than average seasonal CO peak in the SH tropics (see Figure 1) . The climatological geographical distribution of total column CO is very similar to that for October 2002 (not shown), although maximum values are somewhat lower. The small-scale wavelike zonal structure of the CO fields is due to the 3 -4 day sampling pattern of the MOPITT instrument.
[20] During October (Figure 2a ) there are three distinct plumes of CO that originate in South America, Africa, and the maritime continent. These three CO source regions are identified in the figure by 15°Â 15°boxes centered on each region. The CO sources in Africa and South America at this time of year have been studied in a number of field experiments, notably TRACE A (Transport and Atmospheric Chemistry near the Equator -Atlantic) and SAFARI (Southern African Fire -Atmosphere Research Initiative) during 1992 [Andreae et al., 1996] . One of the primary goals of these experiments was to determine the source of large amounts of tropospheric ozone found at this time of year over the tropical and subtropical Atlantic Ocean [Fishman et al., 1986 ]. The conclusion of those studies was that South Atlantic ozone during the SH spring season is due primarily to photochemistry acting on biomass burning plumes transported from Africa and South America . Note the large meridional gradient of CO at the southern edges of the plumes near 30°S, which is evidence of a transport boundary between the tropics and extratropics.
[21] Figure 2b ( March 2003) is shown for comparison with the SH spring season. Some CO, probably from biomass burning sources, is visible near the equator in Africa and South America during this season, but CO levels throughout the SH are quite low, even throughout most of the tropics. The seasonal cycles within the three boxes in Figure 2 are shown in Figure 3 , which displays the 5-year evolution of monthly mean total column CO for each box. For the African and South American boxes (shown in red and green, respectively) the annual cycle is relatively consistent from year to year. Peak values of $3 Á 10 18 molecules cm À2 occur during the spring season. CO levels over the maritime continent (shown in blue) vary substantially from year to year. During some years the seasonal peak in CO over the maritime continent does not appear (2000 and 2003) , while during other years a clear peak is apparent (2002 and 2004) .
[22] In this paper we focus on the high CO levels that occur in the SH tropics during the local spring season. [24] Over Africa (Figure 4c ) CO values are again very large at low altitudes. Just north of the equator there is a narrow zone of low CO values that corresponds to the tropical easterly jet. The jet brings relatively clean air from eastern Africa and the Indian Ocean westward across the African continent and into the Atlantic Ocean. The largest CO values occur near 10°S.
[25] East of Africa, over the Indian Ocean, relatively high CO values are still found in the subtropical lower troposphere. In this sector there are no especially clean zones anywhere in the tropics.
[26] Over the maritime continent (Figure 4e ), the largest CO values occur near the equator, and once again large CO values extend through the depth of the troposphere. This is consistent with the known occurrence of deep convection in this region. In this longitude sector high CO values are found in a wide zone on both sides of the equator.
[27] Finally, over the eastern Pacific Ocean CO values are quite low (Figure 4f ), particularly in the subtropics. Some moderately high values do occur at low altitudes in this sector. The upper troposphere is quite clean throughout the SH in this sector.
[28] To summarize, CO values are large in the lower troposphere near areas of frequent biomass burning, and CO is transported into the middle and upper troposphere above these regions. South of 30 to 40°S, however, the middle and upper troposphere has low CO mixing ratios at all longitudes. The boundary of the cleaner air corresponds to the strongest part of the subtropical jet. Little of the tropical CO makes its way out of the tropics into the extratropics, except, perhaps, at low levels. The MOPITT CO data are thus consistent with the idea of weak exchange of air between the tropics and extratropics. An analysis of the winds and transport pathways for this region is the subject of the remainder of this paper.
Transport Analysis 4.2.1. Mean Winds
[29] For reference in the discussion below, global maps of monthly mean horizontal winds for October 2002 from the NCEP Reanalysis are shown in Figure 5 for three pressure levels: 925, 700, and 300 hPa. Note that wind vectors are scaled differently in the three panels; maximum winds are much larger at 300 hPa than at lower levels. At 925 hPa, winds over the oceans in the SH tropics are predominantly southeast trades, converging at this time of year into an ITCZ located north of the equator. The southeast trade winds are interrupted by the larger landmasses: South America, Africa, and the maritime continent. At higher levels the easterlies are relatively weaker, and the flow is dominated by the westerly subtropical jet.
Trajectory Analysis
[30] To visualize the transport of air from the primary SH CO source regions, three-dimensional sections of the climatological Green's function hG(x, x 0 , dt)i are plotted for initial locations x 0 in South America, Africa, and the maritime continent. The locations of the initial conditions are identified by the crosses at the centers of the sourceregion boxes in Figure 2 . Figure 6 shows an isosurface of hGi at dt = 7, 10, 15, and 20 days for a source located in the lower atmosphere over South America. The center of the initial volume containing the particles is (55°W, 12.6°S, 850 hPa). Initially, particles are lofted into the middle and upper troposphere (Figure 6a ), where they move southward into the equatorward side of the subtropical jet. The westerly winds at this location carry the particles eastward across the Greenwich meridian. By 20 days, some particles have moved completely around the globe (Figure 6d ). This is consistent with Pak et al. [2003] , who traced layers of enhanced CO and aerosols in the mid-troposphere above the south coast of Australia back to South America and southern Africa. In general, however, particles do not spread from the tropics into the SH extratropics.
[31] Figure 7 shows the transport from a source region in Africa (25°E, 9°S, 850 hPa). Air from the African source does not move as high in the troposphere as is the case over South America. It tends to move westward in the lower-and middle-tropospheric easterlies across the Atlantic and into South America. This is consistent with the mean westward flow in Figure 5b and with TRACE A and SAFARI trajectory analyses. Some of this CO presumably rises into the upper troposphere above South America along with CO from South American sources, where it can be entrained into the subtropical jet.
[32] Figure 8 shows the transport from a source region located in the maritime continent (105°E, 5.4°S, 850 hPa) in both side and top views. Because zonal winds in this region are weak, air tends to move vertically almost directly above the source region. Some westward transport occurs in the upper troposphere in the deep tropical easterlies of this sector (see Figures 4d and 4e) . In this case the best agreement is with a source located $5°S of the equator, which is on the southern side of the largest CO values in Figure 2a . The result is a tongue of high CO air moving eastward in the SH upper troposphere in the subtropics. A small tongue is visible along the equator in Figure 2a similar to that in Figures 8c and 8d .
[33] As rising air near the equator diverges in the upper troposphere. it moves poleward into the subtropical westerlies of one or both hemispheres, depending on the initial latitude. At the longitude of the maritime continent, the circulation is nearly symmetric about the equator, so northward or southward shifts in the latitude of the source result in outflow that moves predominantly northward or southward, respectively (Figure 9) . A source very close will go either way, depending on the instantaneous flow field (Figure 9a) . A source sufficiently far north of the equator will all be caught in the northern branch of the Hadley circulation and remain in the northern hemisphere.
[34] The zonal-mean distribution for each source can be seen more clearly in Figure 10 , which shows the vertical, Figure 6 . Isosurface of the Green's function G at 4 different times for a source located over South America. The center of the initial volume is (55°W, 12.6°S, 850 hPa). Transport is predominantly upward and then southward. Air is entrained into the equatorward side of the SH subtropical jet. zonal, and meridional integrals of the Green's functions for each of the three source regions. The three intersecting black lines in each panel indicate the initial location of the particles. In each panel the time is 20 days after the initial release. Red, green, and blue contours indicate the vertical, zonal, and meridional integrals of the Green's functions, respectively. As in Figure 6 , the South American source (Figure 10a) shows strong upward and eastward transport. Despite being located near a region of deep convection over equatorial Africa, the vertical transport above Africa is clearly weaker than at the other two locations (Figure 10b ). Air from this location is most likely to move westward in the lower and middle tropospheric easterlies. In all three cases, however, the green contours in the latitude-height plane show that there is little transport into the SH extratropics.
[35] Differences in transport from the three locations are due to regional differences in the large-scale circulation, not just the differences in the initial latitude. This is demonstrated in Figure 11 , which shows the transport patterns for the three longitudes with the same starting latitude (9°S). The results are very similar to Figure 10 . Even when starting at the same latitude, the upward and southward transport over South America is stronger than for the other two longitudes. The result is more rapid transport into the subtropical jet and, therefore, greater eastward transport. Particles tend to be transported to higher altitudes over the maritime continent than the other locations, which is consistent with the known high tropopause over this region, but the meridional and zonal transport is less than for South American sources.
Summary and Discussion
[36] This study uses global satellite observations of carbon monoxide concentrations from the MOPITT instrument and trajectory calculations with analyzed winds to examine the transport of air from the tropics to the extratropics. The southern hemisphere spring season offers a good opportunity to observe this process, as localized biomass burning sources in the SH tropics produce large plumes of CO that can be distinguished from the cleaner air of the SH extratropics. The observed plumes of CO from major tropical source regions agree well with climatological transport flows estimated from air parcel trajectories.
[37] The transport of CO from biomass burning sources depends on the source location. CO produced in South America ascends into the upper troposphere on time scales of about a week. Because the biomass burning at this time of year occurs primarily 10 to 15°south of the equator, the CO lofted into the upper troposphere predominantly moves southward, where it is entrained on the equatorward side of the SH subtropical jet. CO produced over Africa, on the other hand, does not rise as rapidly into the upper troposphere. Instead, it is transported westward across the South Atlantic Ocean in the easterly flow that prevails in the lower and middle troposphere. CO that reaches South America can be lofted into the upper troposphere along with CO produced locally by burning in South America. The maritime continent shows a third pattern of transport. Here the CO sources are close to the equator. In this region zonal winds are weak, so air tends to rise more or less directly over the CO sources. Some air moves westward into the Indian Ocean basin in weak upper-level easterlies. Because the sources are located south of the equator, the transport is predominantly into the southern hemisphere. The result is an eastward plume on the equatorward sides of the SH subtropical jet. Relatively small meridional shifts in the source location can lead to quite different meridional transport, depending on where the source is relative to the strongest rising motion.
[38] Despite the strong zonal transport, and the entrainment into the equatorward side of the subtropical jets, there is a sharp meridional gradient in total column CO between 30 and 40°S latitude (Figure 2 ). Latitude-pressure cross sections of CO also show a sharp meridional gradient (Figure 4 ) that slopes somewhat with altitude. High CO values are largely restricted to the area equatorward of the strongest westerly zonal flow at each level. The only exception is in the lowest part of the troposphere, below about 850 hPa. This is consistent with the transport analysis, which shows that sources near the surface in the tropics produce well-defined plumes that are confined to the equatorward side of the SH subtropical jet.
[39] The CO data thus provide an observational comfirmation of the Lagrangian transport studies shown here and the mean-meridional transport analyses of Bowman and Carrie [2002] and Bowman and Erukhimova [2004] . They found rapid dispersion of air within the three main tropical and extratropical zones, but relatively slow exchange between the zones. The mechanisms responsible for the subtropical ''barriers'' to transport will be discussed in a subsequent paper.
